A cis-regulatory sequence also known as zone of polarizing activity (ZPA) regulatory sequence (ZRS) located in intron 5 of LMBR1 is essential for expression of sonic hedgehog (SHH) in the developing posterior limb bud mesenchyme. Even though many point mutations causing preaxial duplication defects have been reported in ZRS, the underlying regulatory mechanism is still unknown. In this study, we analyzed the effect on transcription factor binding of a novel ZRS point mutation (463T4G) in a Pakistani family with preaxial polydactyly and triphalangeal thumb. Electrophoretical mobility shift assay demonstrated a marked difference between wild-type and the mutant probe, which uniquely bound one or several transcription factors extracted from Caco-2 cells. This finding supports a model in which ectopic anterior SHH expression in the developing limb results from abnormal binding of one or more transcription factors to the mutant sequence. Keywords: preaxial polydactyly; triphalangeal thumb; point mutation; SHH regulatory sequence, regulatory element INTRODUCTION Regulatory elements are important for establishing correct expression domains in time and space. The increasing pace by which such elements are being reported leads to the natural question how these elements carry out their function. Initial identification of a balanced translocation, 1 and subsequent point mutations 2,3 in families with preaxial polydactyly (PPD) and triphalangeal thumb lead to the discovery of a long-range sonic hedgehog regulatory element (ZRS), which was later also found to be duplicated in PPD patients. 4,5 ZRS is located in intron 5 of LMBR1, 1 Mb 5¢ of the target gene. The ZRS is necessary for proper posterior expression in the limb. 6 Mouse models with ZRS point mutations showed ectopic sonic hedgehog (SHH) expression anteriorly, 2,7 but it is still unknown how the mutations impair the normal function of the regulatory element. We hypothesized that single-nucleotide mutations in this element change the binding affinity for various transcription factors and tested it for a novel mutation detected in a three-generation family of Pakistani origin by electrophoretical mobility shift assay (EMSA).
INTRODUCTION
Regulatory elements are important for establishing correct expression domains in time and space. The increasing pace by which such elements are being reported leads to the natural question how these elements carry out their function. Initial identification of a balanced translocation, 1 and subsequent point mutations 2, 3 in families with preaxial polydactyly (PPD) and triphalangeal thumb lead to the discovery of a long-range sonic hedgehog regulatory element (ZRS), which was later also found to be duplicated in PPD patients. 4, 5 ZRS is located in intron 5 of LMBR1, 1 Mb 5¢ of the target gene. The ZRS is necessary for proper posterior expression in the limb. 6 Mouse models with ZRS point mutations showed ectopic sonic hedgehog (SHH) expression anteriorly, 2,7 but it is still unknown how the mutations impair the normal function of the regulatory element. We hypothesized that single-nucleotide mutations in this element change the binding affinity for various transcription factors and tested it for a novel mutation detected in a three-generation family of Pakistani origin by electrophoretical mobility shift assay (EMSA).
MATERIALS AND METHODS
Family PD1 was examined at home in the Southern Punjab region and informed written consent was obtained from all participating individuals. This study was approved by the local ethical committee of the National Institute for Biotechnology and Genetic Engineering (NIBGE), School of Biotechnology, Quaid-i-Azam University, Pakistan. Peripheral blood samples were collected and DNA was extracted using a standard protocol (phenol:chloroform). Linkage to the known candidate region at 7q36 associated with PPD and triphalangeal thumb was performed using the highly polymorphic microsatellite markers D7S550, D7S559 and D7S2423. All samples were PCR amplified using radioactive-labeled forward primer (protocol available on request) and the alleles were size separated on 8% non-denaturing polyacrylamide gel. Direct sequencing of the 1-kb region containing ZRS was performed with the following oligonucleotide primers: forward1 5¢-CCTCTGGCCAGTGTTTAAATG-3¢, reverse1 5¢-GGGGGAAAAAGTCATCTG GT-3¢; forward2 5¢-GGTGGAAGCGAAGAGTTCTG-3¢, reverse2 5¢-CAATTGGG GGATTGTAGAGG-3¢ (TAG Copenhagen, Copenhagen, Denmark), using the dideoxy chain-termination method (BigDye ver 1.1, Applied Biosystems, Foster city, CA, USA) on an ABI 3130xl sequencer. Sequencing results were analyzed using ChromasPro software (ChromasPro 2.1, Technelysium Pty Ltd, Tewantin QLD, Australia). The identified mutation and its segregation was confirmed by agarose gel electrophoresis of MseI (New England Biolabs, Ipswich, MA, USA) digested PCR fragments.
EMSA is a standard technique commonly used to detect the interaction between proteins and g-32P-labeled nucleic acids. It is thus well suited to test our hypothesis that the transcription factor-binding potential of the mutant ZRS sequence differs from the wild type (wt). The Caco-2 cell line derives from a cancerous human epithelial colorectal adenocarcinoma. Caco-2 cells do express SHH mRNA in both differentiated and undifferentiated stages (http://gastro.imbg.ku.dk/chipchip/). The Caco2 cell line can be used to test whether the transcription factor-binding properties of the mutated sequence differs from that of the wild type.
Standard EMSA was performed using 29-mer wild-type (T) and mutant (G) g-32P-labeled synthetic oligonucleotide probes ( Figure 1 ) and Caco-2 cells nuclear extract as previously described. 8 Labeled probes were purified using the G25-spin column (Amersham Biosciences, Sunnyvale, CA, USA). Probe/protein complexes and unbound probes were separated by electrophoresis on 5% non-denaturing polyacrylamide gel in 0.5Â TBE buffer at 220 V for 2 h at 41C. Gels were dried after electrophoresis and exposed in a phosphorImager (Amersham Biosciences).
RESULTS
Out of 13 examined members 8 had dominantly segregating PPD and triphalangeal thumb. Four additional members were said to be affected. Confirmative radiographic examination was performed in three affected members. The metacarpals were normal in shape and number ( Figure 2B ). The duplicated phalanx was triphalangeal in most cases and occurred unilaterally in III-3, III-5, III-11 and III-12. The feet were normal and no other signs of dysmorphology were noticed. All individuals appeared mentally normal.
Initial STS marker analysis supported possible linkage when assuming dominant inheritance with decreased penetrance (Figure 2A ). Segregation analysis of the haplotypes confirmed that all affected individuals shared the same haplotype. Two clinically normal individuals also did. Direct sequencing of ZRS showed a novel point mutation 463T4G (named according to Furniss et al, 9 ) in intron 5 of LMBR1 (Figure 3 ) in all individuals sharing this haplotype. Restriction Transcription factor binding of ZRS mutation M Farooq et al enzyme analysis confirmed the finding. The mutation was absent in 280 unrelated normal chromosomes from the same population. EMSA analysis using Caco-2 cells nuclear extract showed specific DNA/protein binding for the mutant probes and not the wild-type probes (Figure 3d ). In addition, competitive DNA/protein binding was detected using unlabeled mutant probes, whereas such competition was not detected using wild-type probe.
DISCUSSION
PPD is one of the most frequently occurring human limb malformations. The phenotype is quite variable in affected families with a simple addition of the third phalanx leading to triphalangial thumb to whole digit duplication. Point mutations in the cis-acting regulatory element (ZRS) have been described in many families in recent years. The ZRS lies 1 Mb upstream of its target gene (SHH) and is located in intron 5 of LMBR1. 2,10 SHH is normally expressed in the zone of polarizing activity (ZPA) posteriorly in the developing limb bud. Mouse models of PPD have shown that point mutations in ZRS lead to ectopic expression of SHH at the anterior margin of limb bud. 11 Heterozygous duplications including ZRS have also been described in families with triphalangial thumb-polysyndactyly syndrome. 4, 5 It has been found that this long-range promoter-enhancer interaction is specific to limb bud tissues. 6 It is still a matter of debate how duplications and point mutations can cause the same phenotypic defect. However, the frequency of very rare single point nucleotide changes among families and animal models with PPD clearly supports Transcription factor binding of ZRS mutation M Farooq et al that these changes are indeed pathogenic and not only rare variants. Homozygous deletion of the ZRS element in mouse results in a complete loss of SHH expression in the limb bud leading to acheiropodia. 6 Until now, 14 point mutations have been reported scattered throughout the ZRS element, suggesting that all the elements are important in regulation of SHH expression in the developing limb. 2, 3, 7, [9] [10] [11] Phenotypes produced by different point mutation in ZRS are almost identical.
The nucleotide mutated in family PD1 is highly conserved between human, mouse, chicken and fugu. EMSA results for this mutation clearly demonstrate specific binding of nuclear factors to mutant probes, supporting that the pathogenic effect of the T4G alteration at position 463 acts by altering its affinity for transcription factors. Interestingly, this hypothesis was recently supported in a novel ZRS mutant mouse model (DZ), in which the authors found specific preferential binding of the transcription factor HnRNP U to the mutated sequence. 12 HnRNP U is indeed expressed in Caco2 cells (http://gastro.sund.ku.dk/chipchip); however, the sequence comparison around the DZ mouse mutation (which preferentially bound to HnRNP U) and 463T4G mutation predicts that factor(s) other than HnRNP U may have bound to 463T4G mutant. 12 A yeast hybrid screen using the mutant and wild-type DNA sequence as bait and based on a cDNA library derived from limb bud cells, followed by subsequent sequencing of positive clones, should be carried out to characterize the bound factor(s) in more detail.
